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PURPOSE. To investigate the topographic relationship between glaucomatous retinal ganglion cell loss and changes in the optic radiation (OR) using diffusion tensor imaging (DTI).
METHODS.
A cross-sectional study was completed on nine patients with primary open angle glaucoma and nine age-and sex-matched controls. Glaucoma patients with binocular, symmetrical superior, or inferior visual hemifield defects were selected. A comparative DTI analysis was conducted between OR fibers connected to the affected and unaffected visual hemifield in the glaucoma group and corresponding OR in the control group.
RESULTS. There was a significantly lower number of fiber bundles in the affected OR compared with unaffected OR and controls (P < 0.01). Radial diffusivity was similar between the affected and unaffected OR (P ¼ 0.39), but higher in both groups compared with controls (P < 0.01). There was no difference in axial diffusivity among all groups. As a consequence, fractional anisotropy was lower and mean diffusivity was higher in the affected and unaffected OR compared with controls.
CONCLUSIONS. A significant loss of OR fibers connected to the severely damaged part of the optic nerve head, but not the fibers connected to the relatively spared retinal hemifield shows a direct relationship between retinal neuronal damage and functionally connected OR fibers in glaucoma. However, OR fibers connected to the relatively preserved visual hemifield in the glaucoma subjects still showed changes in radial diffusivity compared with controls, suggesting possible early dysfunction. Our results support the notion that glaucoma is a neurodegenerative disease involving the posterior visual pathway.
Keywords: glaucoma, diffusion tensor imaging, transsynaptic degeneration, optic radiation G laucoma is the third major cause of blindness globally, creating a burden of 4.7 million disability-adjusted life years. 1, 2 Early diagnosis is important, as significant loss of retinal ganglion cells (RGCs) and their axons occurs before demonstrable visual field defects. The understanding of glaucoma is evolving from a pure ophthalmic condition characterized by optic neuropathy and RGC loss to a multifactorial neurodegenerative disease involving the entire visual pathway. 3 Transsynaptic degeneration has been suggested in neurodegenerative diseases like glaucoma and multiple sclerosis, yet is not definitive, as primary neurodegeneration is also a possibility.
Many studies examining the pathophysiology of changes in the posterior visual pathway in glaucoma have been postmortem or experimental. [4] [5] [6] However, advancements in magnetic resonance imaging (MRI) have been a promising avenue for understanding widespread neurodegeneration in this disease in vivo. In particular, diffusion tensor imaging (DTI) has recently been used to examine the retro-geniculate pathway in glaucoma patients. [7] [8] [9] [10] [11] [12] [13] Diffusion tensor imaging detects the Brownian motion of water molecules inside white matter tissue. The anisotropic nature of this motion allows the reconstruction of major white matter tracts, including the optic radiation (OR). Disease can alter the magnitude and direction of this movement. In glaucoma, changes in OR diffusivity have been identified and reduced rarefaction of the OR was reported recently to suggest a loss in OR fibers. 14 Although correlation between the overall degree of glaucomatous retinal damage and changes in DTI indices of the OR has been the subject of several studies, topographical correspondence between the two has not previously been examined. Therefore, this study aimed to investigate the topographic relationship between the severity of RGC loss and changes in the posterior visual pathway in glaucoma by analyzing the DTI-reconstructed OR.
METHODS Ethics Statement
Approval was obtained from the Human Research Ethics Committee of the University of Sydney (number 2013/106) and written informed consent was obtained from all participants. The study adheres to the tenets of the Declaration of Helsinki. ophthalmologist specialized in glaucoma. By reviewing glaucoma clinic files at random, patients were selected based on their most current Humphrey visual fields test. Patients were included if they had a binocular, symmetrical superior or inferior hemifield altitudinal defect with the fellow hemifield relatively well preserved based on their pattern deviation plot. To objectively identify patients with severe binocular hemifield defects, the difference between the unaffected and affected hemifield sensitivity (in decibels) had to be more than 3:1. There were six patients who met the criteria with bilateral superior hemifield defects and three patients with bilateral inferior hemifield defects. Exclusion criteria included concomitant ocular or neurological disease or high refractive error outside the range of 64 diopters (D). Patients unable to undergo MRI were also excluded due to implantation of metal or psychological reasons.
Participant Selection
The glaucoma group was compared with nine age-and sexmatched healthy controls who were known to the research staff at Save Sight Institute. These controls were included based on criteria of 6/6 vision and no history of ocular, neurological, or autoimmune disease; diabetes mellitus; or high refractive error (outside of the range between 64 D).
Optical Coherence Tomography (OCT)
The glaucoma group underwent OCT using Spectralis HRA-OCT (Heidelberg Engineering, Heidelberg, Germany). Both eyes were scanned. Global, superior, and inferior retinal nerve fiber layer (RNFL) thickness were assessed using the axonal RNFL protocol around the optic disc. Only scans that were of good quality defined by signal strength greater than 25, good centration, and uniform brightness were used. One hundred scans were averaged to produce a resolution of 1536 pixels.
Magnetic Resonance Image Acquisition
All study participants underwent MRI brain scans at the Brain and Mind Research Institute on an MR750 3-Tesla scanner with an 8-channel head-coil (GE Medical Systems, Milwaukee, WI, USA). T1-weighted imaging with 1-mm isotropic resolution was obtained to allow anatomical localization. A customized sequence was used with the following image parameters: axial acquisition, field of view (FOV) ¼ 240 mm 2 2 ) were acquired before the acquisition of 64 images (each containing 68 slices) with uniform gradient loading (b ¼ 1000s/mm 2 ). T2-weighted fluidattenuated inversion recovery (FLAIR) CUBE imaging was obtained to exclude confounding cerebral lesions using the following parameters: axial acquisition, FOV ¼ 220 mm 2 , acquisition matrix (frequency 3 phase) ¼ 320 3 256, phase encoding direction: left to right, TE ¼ 132.396 seconds, TR ¼ 10,000 seconds, pixel bandwidth 325.547 Hz/pixel, and slice thickness ¼ 5 mm.
Magnetic Resonance Image Analysis
The investigators were blinded for MRI analysis. The DICOM format of the MRI images was converted to NIFTI using dcm2nii software (McCausland Center for Brain Imaging, Columbia, SC, USA).
Probabilistic tractography to identify the OR was performed on all participants. 15, 16 Using Mr Vista software (Stanford University, Stanford, CA, USA), DTI tensor fitting was performed. This involved computation of a non-diffusionweighted image B0, Eddy-current correction, coregistration of DTI data to T1-weighted volumetric imaging, and fitting the tensor model. The optic chiasm was identified on the T1-weighted image. A region of interest (ROI) was placed on the optic chiasm and through deterministic tractography the right and left optic tracts were generated. Tractography for all subjects was set within the following fiber-tracking parameters: an angle threshold of 1808, fractional anisotropy 0.05, and algorithm 3. Any inaccurate fibers (i.e., fibers situated outside of the known OR position or fibers crossing into the opposite hemisphere) were removed manually using Quench software (part of the MrDiffusion package from http://sirl.stanford.edu/ software; Stanford University). Based on the optic tract fiber end points, the lateral geniculate nucleus (LGN) was localized and saved as a 7-mm ROI. This large ROI was used to ensure the entire LGN was encapsulated. The calcarine cortex in the ipsilateral hemisphere was manually mapped.
ConTrack software (part of the MrDiffusion package) on the Linux 64-bit operating system was used to identify the OR between the LGN and ipsilateral calcarine cortex via a probabilistic fiber-tracking algorithm. Initially, 70,000 fibers were generated; however, the 30,000 best-scored fibers were automatically selected. Inaccuracies in the OR fibers were cleaned manually using Quench (part of the MrDiffusion package).
Based on projection to the superior or inferior calcarine cortex, the OR fibers were separated manually into tracts subserving the superior hemifield or inferior hemifield of the visual field, as shown in Figure 1 . In agreement with a superior hemifield visual field defect, the inferior OR tract was labeled ''affected'' and superior tract was labeled as ''unaffected'' in six glaucoma patients and vice versa in the remaining three patients. Knowledge that fibers in Meyer's Loop represent the inferior visual field helped with the division. 16 Meyer's loop was identifiable in all subjects. To account for any possible differences in the superior and inferior OR fibers in the healthy controls, we only included either the superior or inferior OR division for each control in the same ratio as the glaucoma group (i.e., three superior and six inferior OR divisions). For consistency, the right OR was selected in all patients and controls except for one patient in whom the calcarine cortex was better defined in the left hemisphere. A previous study of healthy controls showed no difference in DTI metrics between the right and left OR. 17 The superior and inferior OR created in Quench were saved separately, which allowed the total number of fiber bundles and DTI indices to be automatically calculated for each OR division using MrVista. These diffusion indices are generated from the eigenvectors of each voxel, which have three eigenvalues and measure the directional diffusion of water molecules. Radial diffusivity (RD) comprises two eigenvalues (k 2 and k 3 ) to assess movement perpendicular to axons, whereas axial diffusivity (AD) is the principal eigenvalue (k 1 ) for parallel movement. Mean diffusivity (MD) assesses the spread of diffusion by averaging all three eigenvalues. Anisotropy describes the direction of diffusivity of water molecules and fractional anisotropy (FA) is calculated from the ratio of AD and RD.
Statistical Analysis
Statistical analysis was conducted using SPSS Statistics 21.0.0 (IBM, New York, NY, USA). The means and SD of means were calculated. Multiple groups were compared using ANOVA with Bonferroni adjustment; P values less than 0.05 were considered statistically significant.
RESULTS
We recruited nine patients with POAG with a symmetrical severe superior or inferior altitudinal visual field defect. The mean age for the glaucoma group was 69 (range, 60-86). There were four males and five females. For the control group, nine participants were selected who had an average age of 68 (range, 45-85) and the ratio of males to females was 3:6. No participant had evidence of lesions or infarction on T1 or T2 FLAIR MRI.
Of the nine glaucoma patients, three had inferior bilateral altitudinal visual field defects and the remaining six had superior bilateral hemifield defects. The best corrected logMAR visual acuity for these patients was 0.35 in the left eye and 0.29 in the right eye. The affected hemifield had a lower average absolute threshold (right eye 3 db, left eye 4 db) compared with the relatively spared hemifield (right eye 21db, left eye 19 db), P < 0.001. In both eyes, the average RNFL thickness was significantly lower in the region corresponding to the affected visual hemifield (right eye: 50 6 17 lm, left eye: 49 6 18 lm) in comparison with the relatively spared region of RNFL (right eye: 89 6 21 lm, left eye: 82 6 25 lm), P < 0.001.
A comparative analysis was conducted between the ''affected'' and ''unaffected'' OR in the glaucoma group and OR of the control group (the superior OR of three controls and inferior OR of six controls). The average number of fiber bundles, anisotropy, and diffusivity for the OR of each group are shown in the Table and Figure 2 . For consistency, only the right OR of each participant was analyzed.
There was a significantly lower number of fiber bundles in the glaucoma-affected OR group compared with the unaffected OR (P ¼ 0.001) and controls (P ¼ 0.003), but no difference in the number of fiber bundles between the unaffected OR and control groups (P > 0.05).
Analysis of variance performed among the three groups demonstrated a significant difference in RD (P < 0.001, ANOVA). Post hoc comparison showed that RD was higher in the glaucoma OR than the controls. RD was significantly higher in the unaffected OR of the glaucoma group compared with the controls (P ¼ 0.002) and the difference was even larger between the affected OR and controls (P < 0.001). However, the increase in RD was similar in both the affected and unaffected OR glaucoma groups (P ¼ 0.39). In contrast, ANOVA for AD demonstrated no significant difference among any of the three groups (P ¼ 0.80, ANOVA).
As a result of diffusivity changes (i.e., increased RD and stable AD), FA was significantly reduced in the two glaucoma OR groups compared with the control group (P 0.01 for both comparisons). The reduction in FA was similar between both glaucoma groups (P ¼ 0.23). Mean diffusivity, on the other hand, increased in both glaucoma groups compared with the control OR (affected OR P ¼ 0.005; unaffected OR P ¼ 0.04). This increase was of similar magnitude between the affected and unaffected OR glaucoma groups (P > 0.05).
DISCUSSION
Glaucoma is characterized by the primary loss of RGCs, but experimental and human studies provide evidence of more extensive damage of the visual system. 4, [18] [19] [20] Provided that primary damage in glaucoma occurs at the level of the RGC, spread of pathological changes to LGN neurons and beyond would require transsynaptic degeneration.
The visual system is a unique model to study transsynaptic degeneration because it comprises a chain of hierarchically organized and synaptically linked neurons that maintain strong topographic connectivity. This provides an opportunity to study the effect of primary pathological damage at one level of the visual system and secondary degeneration on neighboring levels. In addition, as a result of recent technological advances, the visual system has become accessible to in vivo structural and functional analysis. Thus, primary glaucomatous loss of RGCs and their axons can be assessed functionally by threshold perimetry and structurally by measuring RNFL and RGC layer thickness using OCT. Secondary changes in functional and structural integrity of neighboring LGN neurons can be examined by performing tractography and measuring diffusion properties of the OR.
Taking advantage of this technology, the current study investigated the topographic correspondence between glaucomatous loss of RGCs and MRI-determined changes in the OR. For this purpose, patients with a binocular hemifield loss of RGCs were examined. Specifically, patients with advance binocular loss in the superior or inferior visual hemifield (''affected'' hemifield) and relatively preserved fellow hemifield (''unaffected'' hemifield) were selected. Based on projection of OR fibers to the superior or inferior calcarine cortex, OR fibers Affected OR, optic radiation fibers connected to the affected visual field; unaffected OR, optic radiation fibers connected to the unaffected visual field; fiber number, number of fiber tract bundles.
were separated into fibers subserving the inferior visual field and superior visual field. A comparative analysis was conducted between fibers projecting from the severely damaged retina compared with fibers projecting from the relatively preserved retina.
This study demonstrated for the first time a significant loss of fiber tracts in the corresponding part of the OR connected to the severely damaged part of the retina, while OR fibers connected to the relatively preserved retinal hemifield were spared. There was a 3-fold to 4-fold reduction in the number of fiber bundles projected to the affected hemifield compared with fibers projecting to the unaffected hemifield. Rarefaction of OR fibers in glaucoma has been reported previously. 14 This study, however, shows a topographical correspondence between RGC damage and loss of functionally connected OR fibers. Such evidence strengthens the case for secondary structural damage of the posterior visual pathway in glaucoma.
It is worth noting, however, that although OR fibers connected to the ''unaffected'' hemifield were spared, both OCT and visual field analysis still demonstrated a significant degree of RGC loss and reduction of visual field sensitivity, confirming early glaucomatous damage in this part of the nerve. Preservation of OR fibers projecting to the unaffected hemifield may relate to sensitivity of DTI or may suggest that axonal loss of LGN neurons occurs over a relatively long period of time, which has been reported in experimental literature looking at retrograde degeneration along the visual pathway. 21, 22 Preservation of the ''unaffected'' fibers may also indicate that detectable axonal drop-out of LGN neurons occurs only after a certain threshold of RGC loss is reached, which may suggest a nonlinear nature of secondary transsynaptic degeneration.
The second novel finding of this study is that despite considerable differences in the degree of RGC damage between the affected and unaffected hemifields, some DTI parameters demonstrated similar abnormalities in both groups. Specifically, changes in RD and FA were not only seen in the remaining OR fibers projecting to the damaged retina, but also in the fibers connected to the RGCs of the relatively undamaged retina. Although there was a trend with a higher RD and MD in fibers projecting to the affected hemifield compared with those projecting to the unaffected hemifield, this difference did not reach statistical significance, with both regions abnormal. A higher average RD in glaucoma also has been recently demonstrated by another research group. 9,12 In contrast to RD, AD, which represents axial flow, remained unchanged in both glaucoma and control groups, which explains both the reduction of FA and increase in MD in this study and is in agreement with previous reports. [7] [8] [9] [10] An increase in RD alone suggests that diffusivity in a direction perpendicular to axons is affected more than along axons in glaucoma. Radial diffusivity is thought to reflect the integrity of myelin sheaths, axonal cell membranes, and persistence of isotropic cells associated with gliosis, as previously shown in a rat model of fornix transection. 23 It can be argued that the increase in RD in glaucoma may represent underlying changes to these structures, such as demyelination, cell membrane loss, gliosis, or cytoskeletal changes, such as microtubule abnormalities. Although histological correlation with DTI is scarce, experimental animal models of multiple sclerosis have shown a relationship between perpendicular and parallel diffusivity with both demyelination and axonal loss 24 and more specifically between RD and myelin damage. 25, 26 However there is no consensus on this issue, with one human postmortem multiple sclerosis study connecting myelin content with FA and MD changes. 27 Further longitudinal studies using larger sample sizes are required to better assess the presence of transsynaptic degeneration and DTI metrics in pre-perimetric glaucoma. A larger sample size may identify differences in DTI indices between the glaucoma affected and unaffected groups. Correlation analyses may also be beneficial in eliciting a topographical relationship between RGC loss and OR changes in glaucoma of different severities. Although the automated DTI technique used in this study has shown to be reproducible and accurate, MRI resolution, movement artifact, and manual marking of the calcarine cortex may have limited the accuracy of DTI measurements. Furthermore, there is no consensus on DTI protocol in current literature, and diffusion tensor eigenvalues may not always represent pathological microstructure tissue changes. 28 In summation, our analysis revealed a topographic relationship between RGC loss in glaucoma and damage to the posterior visual pathway. Significant changes of RD in preserved fibers of the OR suggest that DTI may assist in the evaluation of early glaucomatous damage in synaptically connected OR fibers.
